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Transferring load in heterogeneous structures as of composites has been one of the most critical aspects that
need to be enhanced. Weak interface and interphase properties have been widely studied problems while many
researchers are tackling them through new design and manufacturing approaches. Against delamination failure,
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3D weaving is an innovative approach to eliminate one of the most probable failures as
delamination in composites. In this study, two novel approaches of 3D weaving and
growing aligned carbon nanotubes (CNTs) directly onto 3D woven fabrics for creating
multifunctional properties is performed. First, 3D woven I-beam shaped fabrics were
manufactured by a modified weaving loom using glass fibers and followed by growing
CNTs onto these I-beams through a chemical vapor deposition (CVD). These 3D woven I-
beams were then impregnated with epoxy resin creating mechanically robust and
electrically conductive structural composites without significant weight penalty. The
morphological analysis revealed that vertically aligned fuzzy CNTs are successfully grown
approximately at 7.5 pm long onto 3D woven I-beam glass fabrics. Electrical conductivities
of glass fibers were increased in six orders of magnitude after CNTs growth. A reduction
in compressive strength (26%) was observed due to tensile strength reduction of glass
fibers after CNTs growth; however, flexural properties were preserved.

I. Nomenclature

= maximum flexural stress

bending moment

the distance to the neutral axis in I-beam cross-section

the secondary moment along the y-axis passing through the centroid of the body

force that recorded by the universal testing machine
span length
= height of the I-beam
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toughening strategies by modifying reinforcement such as stitching [1], tufting [2], z-pinning [3] were widely
studied by others. However, the in-plane properties are sacrificed due to disorienting fibers and resin-rich regions
in the structure when these toughening strategies are applied [4]. Besides those strategies, 3D woven fabrics do
not require a secondary process for delamination toughening as they already have yarns in the out-of-plane
direction, and free of resin-rich regions and disoriented fibers. Hence, out-of-plane mechanical properties in
composites such as delamination toughness and impact response [5] can be upgraded by the 3D weaving technique.
3D woven fabrics also increase the manufacturing efficiency since they are woven into near-net-shaped 3D
preforms that are ready for resin infusion. As an alternative route, developing hybrid composites that include
nanomaterials like CNTs besides fiber reinforcements is another approach to achieve tougher and multifunctional
composites. Several novel approaches incorporating CNTs into fiber-reinforced polymers (FRPs) as surface
modification of fibers [6], interlayer toughening [7], matrix toughening [8] have been studied and results showed
enhancement in interface properties without weight penalty. On the other hand, CNTs enable to develop conductive
composites even when the fibers are insulators by several orders of magnitude due to their high electrical
conductivity of CNTs [9] achieved at low percolation thresholds [10].

Although there are several classifications of woven fabrics [5], Nandan Khokar who holds the patents of first
3D fabrics and methods [11,12] classified them in terms of loom and fabric dimensions [13]. Fabrics can be woven
into three dimensions by either 2D conventional weaving technique or 3D weaving methods. While two orthogonal
yarn sets are used in 2D weaving, at least three orthogonal yarn sets are required. Interest in the 3D woven fabrics
that are woven by 2D weaving techniques is growing due to simplicity of weaving mechanism where only slight
modifications are necessary to enable 3D woven fabrics by 2D weaving looms [4]. Orthogonal, multilayered,
angle-interlocked and hollow fabrics are classes of 3D woven fabrics those woven by 2D looms [5]. Behera and
Dash [14] reported the tensile response of 2D unidirectional laminates, 3D woven orthogonal and angle interlocked
fabric reinforced composites, and found that 2D laminates are strongest in the warp direction. However, in another
comparative study on 2D and 3D woven fabrics [15,16], all of the mechanical properties in in-plane directions
such as tensile strength, damage thresholds and failure strains were enhanced for 3D woven orthogonal composite
over 2D laminates. Authors stated that overcoming the damage of fibers during weaving for their special weaving
method is attributed to the improvements. Besides the prismatic 3D woven fabrics, hollow fabric structures (can
be also regarded as “spacer fabrics”) also widely studied due to their potential for energy-absorbing mechanisms,
lightweight sandwich structures and stiffened panel applications [17]. Badawi [18] and Chen [19] studied the
weaving techniques of the hollow fabrics, and additionally mechanical properties of their composites are broadly
studied by Neje and Behera [20,21] They applied compressive and flexural tests to the 3D woven hollow
composites which have different cross-sections such as triangular, trapezoidal and rectangular. Rectangular
channeled composites showed almost 9 times and 2.5 times higher specific load-carrying capacity under
compressive loading and flexural loadings, respectively. Triangular channeled composites showed load increase
while collapsing under compression when the inclined walls failed and contacted to the ground wall of the
composite.

Enhancing advanced composites’ fracture toughness, interlaminar and interfacial shear strength has been widely
studied through fiber surface modifications using CNTs such as spray coating [22], immersion [23] and
electrophoretic deposition of them [24]. Even though CNTs possess a great potential for reinforcing composites,
limited improvements have been achieved due to difficulties in processing, dispersing and/or controlling CNT
amount and orientation during manufacturing. Besides those methods, direct growth of CNTs by CVD onto fibers
provides control of the alignment of CNTs, and therefore higher interlaminar and intralaminar strength can be
achieved [25]. Radially aligned CNTs on fibers (also regarded as “fuzzy fibers”) by Wicks et al. [26] showed
improvements in the delamination toughness of fuzzy alumina fiber-reinforced composites by 76%. In this study,
and its subsequent research [25] CNTs grown radially on alumina fibers using Fe ion catalysts by CVD at around
600 °C. The elevated temperatures required for CNTs’ synthesis in CVD does not influence mechanical properties
of thermally resistant alumina fibers, and conformal coating of aligned CNTs can be easily achieved on them;
however, the applications of alumina fibers in engineering applications are limited compared to glass and carbon
fibers. While complex functional coatings for preventing damage during CNTs growth was used for carbon fibers
[27], He et al. [28] and Malecki and Zupan [29] achieved CNTs growth onto S2-glass fibers with only catalyst
coatings similar to on alumina fibers. He et al. reported up to 25%, 36% and 8% enhancements in flexural strength,
tensile strength and IFFS, respectively by hierarchical CNTs that incorporated in S2-glass fiber reinforced
composites. Nevertheless, a severe reduction in tensile strength was observed through the CNTs growth onto the
other types of glass fibers [30]. Apart from mechanical properties, the electrical conductivity of glass fiber
reinforced composites can be increased several orders of magnitude [31,32] due to the hierarchical conductive
CNTs network in entire composite structure.

The aim of the study is to fabricate multifunctional structural composites having 3D woven yarn architecture
and hierarchical CNTs architectures grown onto insulating fibers. E-glass fibers were used as base material due to
their strength, chemical resistance and energy-absorbing capacity [33]. First, 3D rectangular spacer fabrics were
woven with a single-end-roving of E-glass fibers using a modified weaving loom. Then, I-beams were extracted



from the 3D woven rectangular spacer fabric. CNTs were grown onto the 3D woven [-beams and referred as
CNT/3DW-IBF with an optimized CVD protocol, and their morphology was characterized by scanning electron
microscopy (SEM), and quality and thermal stability were monitored through RAMAN spectroscopy and thermo-
gravimetric analysis (TGA), respectively. Then, the CNTs grown and neat I-beam preforms were impregnated
with resin by vacuum infusion process (VIP) to obtain 3D composite beams. The fiber volume fraction of
composites was approximately 40% and, the 4.7 wt% CNTs achieved in fuzzy glass fibers. There were two
different I-beams having 2 cm and 3 cm height. 3 cm high I-beams were for compression tests to investigate the
failure of the web clearly, and 2 cm high I-beams were subjected to 3-point-bending tests with a 1:8 height to span
length ratio to increase bending moment. Besides mechanical performance investigation, electrical conductivities
of CNTs grown glass fibers were also measured by a four-point probe measurement system.

III. Experimental Procedure

E-Glass fibers from Owens Corning company having 600 Tex linear density were used for the weaving of 3D
woven I-beam shaped fabrics (They will be referred as 3DW-IBFs, see Table 1 for all specimen labeling). The
dimensions of 3DW-IBFs were determined by the warp and weft densities of 3D woven rectangular channeled
spacer fabrics that they were extracted from. Two different rectangular spacer fabrics were woven that had 2 cm
and 3 cm height. The warp density of ground walls and middle walls were 8 cm™ and 4 cm™', respectively. The
middle walls contained double fabrics which crossed at the middle. Weft density for all walls were 4 cm™', and the
2 cm high 3DW-IBFs (2cm-3DW-IBFs) and 3 cm high 3DW-IBFs (3cm-3DW-IBFs) contain 8 and 12 weft yarns
in its middle walls, respectively. The width of the rectangular channeled spacer fabrics was 19.5 cm. The weft
cross-section is given in Figure 1. The fabrics were woven by a modified 2D loom (Figure 2) which has the capacity
of feeding warp yarns from eight different warp beams. Straight (black) and other (colored) warps were fed into
the fabric from different warp beams as they had different lengths in structure. The weaving began with the ground
walls and continued simultaneously. Middle walls were woven through the inner part of the fabric, crossed at the
middle and woven again together with the ground walls while the straight warps remained non-woven. After
weaving of middle walls, the process was paused and straight yarns were rolled back to form the vertical middle
walls.

Fig.1 (a): weft cross-section of rectangular spacer fabric (illustration not to scale), (b): a piece of 2 cm
high rectangular spacer fabric
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Fig.2 Modified 2D weaving machine for 3D woven fabric manufacturing

Prior to CNTs growth, 2cm-3DW-IBFs and 3cm-3DW-IBFs were immersed into 50 mM Iron (III) Nitrate
(Fe(NO)3.9H,0) and Isopropyl alcohol (C3HsO, %95) solution for 5 min. to achieve Fe** coating on fibers [34].
These ions act as catalysts in CNTs’ synthesis reaction and create nucleation cites for bottom-up CNTs growth
onto glass fibers. 19.5 cm long I-beams were inserted into the tube, nearer to the outlet. An optimized CVD
protocol was used to grow CNTs onto glass fibers, and is given as follows:

e cleaning the tube (1) for 2 min. at ambient temperature with 2000 sccm He,
e nucleation (2) for 15 min. with 1600/1000 sccm He/H, at 600°C and
e growth (3) for 12 min. with 400/600/1000 sccm C,H4/H>/He at 600°C.

The hierarchical architectures of CNT/GFs were characterized by SEM at 15 kV under various magnifications
using a QUANTA FEG SEM. To investigate the overall CNTs’ quality, Raman spectroscopy of CNTs/GFs was
conducted using a Renishaw inVia reflex microscopy with a 532 nm green laser in the range of 100-3000 cm™.
TGA was carried out to determine the thermal stability and the quality of CNTs by measuring their oxidation
resistance. The Neat/GF, Fe™3/GF and CNT/GF were heated to 800 °C from room temperature (~25 °C) with a
heating rate of 10 °C/min using TA Instrument SDT Q600 DSC-TGA.

3DW-IBCs were fabricated by VIP. To retain the preform shape after VIP, wooden and Teflon fabric coated
two supporting molds were inserted into spaces of the preforms. VIP was conducted on a metal plate, infusion
mesh and peel plies were placed on the bottom and top of the preform to ease infusion and demolding. A two-
component epoxy resin (EPIKURE MGS L160-H160 two-component epoxy resin system) was used at a mixing
ratio of 4:1, and curing conditions were 24 hours at room temperature as recommended from the manufacturer.
Dimensions of the specimens can be found in Table 1. 2cm-3DW-IBCs and CNT/2cm-3DW-IBCs were used for
flexural tests, and 3cm-3DW-IBCs and CNT/3c¢cm-3DW-IBCs were for compression tests. The web thickness and
flange thickness of 2cm-3DW-IBCs and 3cm-3DW-IBCs were 1.22+0.07 mm and 0.98+0.02 mm, respectively
and this values were increased to 1.38+0.08 and 0.9940.01 for CNT/2cm-3DW-IBCs and CNTs/3cm-3DW-IBCs
due to swelling of fabric after CNTs growth [35]. And the fiber volume fraction was determined by weighing
composites before and after infusion, and calculated as 40.6+2.2%.

The electrical conductivities of Neat/GFs and CNT/GFs were measured by the four-point probe measurement
system. 28 measurements were taken for each type of specimen which was found to be sufficient as the deviation
in the data was subtle.

SHIMADZU AGS-X 50 kN universal testing machine was used for 3-point-bending and compression tests. For
3-point-bending span length was 16 cm and the rollers of supports and cross-head have 6 cm diameter. For
compression tests, flat square faces were used. 15 N pre-loading was applied for 3-point-bending tests, and the
pre-load for compression tests was 45 N. The test speed for both mechanical tests was 1 mm/min. In both tests,
the force and stroke (displacement of the cross-head) were recorded. Five specimens of 2cm-3DW-IBCs and
CNT/2ecm-3DW-IBCs were subjected to 3-point-bending tests, and six specimens of 3cm-3DW-IBCs and
CNT/3cm-3DW-IBCs were tested under compression. Stress was assumed to transferred to the web of I-beams
and calculated by dividing the force by area of the web. The flexural stresses were calculated as follows:

=%=(%) (%l):@l )
me I, 81,



IV. Results and Discussion

The morphological analysis by SEM showed that CNT/GFs were partially covered by aligned CNTs. An SEM
image showing 7.57 um CNTs is given in Figure 3. To assess the quality of CNTs onto fibers, RAMAN
Spectroscopy which is a powerful, non-destructive, and fast characterization technique was utilized. Figure 4a
shows the Raman spectra of the grown CNT/GF. The typical peaks of CNTs were detected at c.a 1583 cm-1 and
c.a 1346 cm-1 for CNTs, and they correspond to G and D bands, respectively. The intensity ratio, I/Ip of CNTs
was 0.91. This ratio indicates that the amount of defective carbons are more than graphitic carbons. The Is/Ip
around 1 is a typical value for CNTs that were grown onto fibers at around 600 °C growth temperature [28].

CNTs’ volume fraction was calculated by TGA data of CNT/GFs, and that is a common approach followed in
other studies [24,36]. In Figure 4b, the TGA data of Neat/GF, Fe"*/GF and CNT/GF were given. It was showed
that there is only 0.7% weight loss until 500 °C and this decrease can be presumed to be moisture accumulating
and sizing on the glass fiber surface. In Fe**/GF, the weight loss until 500 °C was recorded as 1.3%, and it indicates
that there are solvent residues after catalyst coating in addition to moisture and sizing. For the CNT/GFs, when the
temperature reached 700 °C, the weight loss stopped around 6% and therefore, it was shown that the glass fiber
surface was coated approximately with 5% wt. CNTs excluding other compounds that were found in TGA of
Neat/GF and Fe**/GF. He et al. [28] studied CNT loadings varying between 0.2 and 7 wt%, and found that
enhancements in both mechanical and electrical properties remained similar for CNT loadings greater than 3 wt%.
Therefore, 5 wt% CNT loading obtained in this work can be interpreted as appropriate.

Table 1 Description of abbreviations that were used for specimens and dimensions

Dimensions [height x

Abbreviation for the specimen Description
P P width x length mm?]

The 3D woven I-beam that extracted from 2
2cm-3DW-IBF . . 20 x 40 x 195
cm high rectangular spacer fabric

The 3D woven I-beam that extracted from 3

3cm-3DW-IBF . . 30 x 30 x 195
cm high rectangular spacer fabric
CNT/2cm-3DW-IBF The 2cm-3DW-IBF after CNTs growth 20 x 40 x 195
CNT/3cm-3DW-IBF The 3cm-3DW-IBF after CNTs growth 30 x 30 x 195
Neat/GF As-received glass fibers N/A
The Fe™ coated glass fibers that extracted
Fe"/GF from CNT/2cm-3DW-IBF or CNT/3cm- N/A

3DW-IBF after dip coating
The CNTs grown glass fibers that extracted

CNT/GF from CNT/2cm-3DW-IBF or CNT/3cm- N/A
3DW-IBF
The 2cm-3DW-IBF reinforced epoxy matrix
2cm-3DW-IBC . 20 x 40 x 190
composite
The CNT/2cm-3DW-IBF reinforced
CNT/2cm-3DW-IBC © e remoTeed epoRy 20 % 40 x 190
matrix composite
3em-3DW-IBC The 3cm-3DW-IBF reinforced epoxy matrix 30 x 30 x 30
composite
The CNT/3c¢cm-3DW-IBF reinforced epoxy
CNT/3cm-3DW-IBC 30 x30 %30

matrix composite




Fig.3 SEM image of CNTs onto glass fibers
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Fig.4 (a): RAMAN spectroscopy of CNTs onto glass fibers and (b): TGA data of Neat/GF, Fe**/GF and

CNT/GF

The electrical conductivity of Neat/GFs, CNT/GFs were given in Table 2. Electrical conductivity of CNT/GFs
were 2.33x102+ 0.44x10"2 S/cm which was six orders of magnitude higher than Neat/GF. As it was given in
earlier study [37], the electrical conductivity of CNTs grown glass fiber fabric was an order of magnitude lower
than CNTs grown glass fiber tows since the volume of fabric was much higher than a tow which also might change
the quality of catalysis and CNTs growth. Detailed characterization of this electrical conductivity loss will be
studied in future studies.

Table 2 Electrical conductivities of glass fibers before and after CNTs growth [37]

Specimen Electrical Conductivity (S/cm)
Neat/GF 1.49x10%+ 0.18x10°®
CNT/GF (CNTs grown glass fiber tows) 2.33x102+0.44x107
CNT/GF (CNTs grown tows extracted from CNT/3cm-3DW-IBF) 8.01x107+2.74x10

Prior to mechanical tests, it should be mentioned that the tensile strength reduction of CNT/GFs was given in
the earlier study [37] which could have effects on compressive and flexural behavior. Table 3 shows the tensile
strength of glass fiber tows, after catalyzing, CNTs growth and heating. The heating process includes all of the
CVD heating procedures under 2000 sccm Helium. The catalyst coating process in isopropyl alcohol degraded the
sizing which was sensitive to alcohol [38], and therefore reduced the tensile strength by 13%. After heat exposure,
specimens had been exposed to 600 °C where the sizing was completely degraded and the flaws on glass fiber
surface were grown [39], and then the tensile strength was severely reduced (48%). The tensile strength reduction
was slightly lower for CNT/GFs (44%) compared to heated glass fiber tows, and it was understood that CNTs
growth slightly relieved effect of the high temperatures on the tensile strength reduction.



Table 3 Tensile strength of glass fibers after catalyst coating, CNTs growth and heat exposure [37]

Specimen Force per Density (Nem®¥/g) Reduction (%)
Neat/GF 98.0+ 1.6 -
Fe™/GF 85.4+1.1 12.9

Heated GF 51.1+0.8 47.8
CNT/GF 55.1+£2.7 43.8

In the compression tests, the 3cm-3DW-IBC and CNT/3cm-3DW-IBC were loaded laterally. For 3cm-3DW-
IBCs the middle longitudinal line of the web where the yarns cross acted as a hinge point to trigger buckling
failure. The buckling of webs which was concentrated at the middle line can be clearly seen in Figure 5a. Neje and
Behera [20] were observed the same failure at the vertical walls of rectangular spacer composite with the same
yarn architecture and loading condition. The maximum stress in the web during the test recorded as 32.9 + 1.6
MPa for 3cm-3DW-IBCs. CNT/3cm-3DW-IBCs were failed by a crack that separated the middle wall. The crack
was initiated at middle longitudinal line of the upper flange, broke the straight warps (black) and grown through
the web. An actual image of the failure is given in Figure 5b, and the failure is illustrated on the weft cross-section
of the yarn architecture in Figure 5d. CNT/3cm-3DW-IBCs failed at 24.2 + 1.6 MPa stress which was 26% lower
than 3cm-3DW-IBCs. The rupture of straight warps can be attributed to the reduction in tensile strength of the
glass fibers after CNTs growth, and enabled the crack growth through the middle wall which caused an early
failure. Two representative stress-strain curve is given in Figure 1¢ for both 3cm-3DW-IBC and CNT/3¢cm-3DW-
IBC.

. After Failure

—— Neat |-beam
—— CNTs grown I-beam

0.02 0.03
Strain (mm/mm)

Fig.5 (a): Compression test of a 3cm-3DW-IBC, (b): Compression test of a CNT/3cm-3DW-IBC, (¢): a
representative stress-strain curve for a 3cm-3DW-IBC and a CNT/3c¢cm-3DW-IBC and (d): illustration of
failure with the weft cross-section

For the flexural tests in the earlier study [37], 3D woven I-beam composites with 3 cm height were used with 9
cm span length, and buckling failure of the middle wall was the final failure mode of them. In this study, 2cm-
3DW-IBCs and CNT/2cm-3DW-IBCs with 16 cm span length was subjected to 3-point-bending tests. The span



length to height ratio increased from 3 to 8, and stresses due to bending moments were expected to determine the
failure of beams.

Through the flexural tests of 2cm-3DW-IBCs, an initial failure was observed at the contact of the upper flange
and the roller of the cross-head. This local failure was also monitored in the study by Yau et al. [40], and it did not
lead to an overall failure. The local failure was apparently given in Figure 6a. 2cm-3DW-IBCs had reached its
ultimate load-carrying capacity just after the distortion. The maximum flexural stress was recorded as 39.2 + 4.2
MPa for 2cm-3DW-IBCs. CNT/2cm-3DW-IBCs showed the same failure behavior as it was observed for 2cm-
3DW-IBCs. The maximum stress observed in the flexural tests for CNT/2cm-3DW-IBCs was 42.0 + 2.4 MPa
onset of the distortion. Figure 6b shows a distorted CNT/2cm-3DW-IBC. Distortion was arisen by the warping of
cross-section of the [-beams, and it was understood that the warping stresses dominated the failure. The maximum
stresses for the both types of specimens were similar, which shows that the tensile strength reduction of glass fibers
after CNTs results did not play a significant role on the failure in flexural tests.

Fig. 6 (a): Flexural test of a 2cm-3DW-IBC and (b): Flexural test of a CNT/2cm-3DW-IBC

V. Conclusion

Within the novel approach of CNTs grown 3D woven composites, the multifunctional materials have both 3D
woven yarn architecture and CNTs hybridization were manufactured and characterized in this study. Electrical
conductivities of CNT/GFs were six orders of magnitude higher than Neat/GFs. Since the tensile strength of the
glass fibers was reduced after CNTs growth (44%) the failure mode of I-beams under compression loading changed
and the mechanical performance reduced by 26%. Through flexural tests, [-beams were failed by distortion. It was
seen that thin walls of [-beams were showed a significant amount of warping that lead to distortion as the final
failure. The maximum flexural stresses for 2cm-3DW-IBCs and CNTs/2cm-3DW-IBCs were similar. In future
studies, manufacturing techniques of 3D woven beams having tunable thicknesses and different cross-sections
such as rectangular and trapezoidal will be studied, and mechanical properties of these composites that have thicker
walls and increased stability will be investigated.
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